myocardium is thin and remains a single layer of cells with each other in a single layer, thereby increasing the circumference of the chamber instead of its wall ( Figures 1C and 1D ). Individual heg myocardial cells are also thinner than wild-type ( Figures 1E and 1F) . The thickness. atrium and ventricle both contract rhythmically, in normal atrio-ventricular sequence, but do not generate a
The heg Mutation Disrupts a Primary Patterning Signal circulation. heg mutants do not exhibit obvious extracardiac defects, and the sarcomeric structure of individual In principle, the enlarged thin-walled heart could be a consequence of intraluminal pressure, rather than a pricardiomyocytes does not appear to be severely affected (Figure 2) . mary growth abnormality. To examine this possibility, we bred heg with silent heart (sih) [8, 24] heterozygotes An increase in cell number could account for the increase in heart size associated with this mutant. To to generate embryos mutant at both loci. Unlike wildtype embryos ( Figure 4A ), the hearts of these embryos address this question, we used two methods to determine the number of cells in the ventricular and atrial (sih Ϫ/Ϫ ; heg Ϫ/Ϫ ) cannot generate any pressure since the hearts do not contract. However, they have an enlarged chambers at 72 hpf. At stages prior to 72 hpf in wildtype embryos, there remain patches of single cells heart as do heg mutants ( Figures 4B and 4D ). In addition, other zebrafish cardiac mutants that lack circulation do throughout the ventricle [28]. However, by 72 hpf, the wild-type myocardium is consistently greater than a sinnot develop a heg-like dilated heart ( Figure 4C ) [14] [15] [16] . These data indicate that the mispatterning resulting from gle cell layer in thickness. In the mutant embryos, the total number of heart cells is indistinguishable from wildthe loss of heg expression is a primary defect of heart growth rather than a consequence of increased wall type. We assayed this first by counting cells in serial sections through the heart (Table 1) . In general, it is tension. feasible to distinguish myocardial from endocardial cells in most sections. However, to make this distinction deCharacterization of the heg Gene To define the molecular basis for the normal patterning finitive, we specifically labeled cardiomyocytes using transgenic zebrafish with a red fluorescent protein of the myocardium, we positionally cloned heg ( Figure  5A ). The complete heg gene consists of 14 exons (Fig-(DsRed2-nuc) expressed under the control of the cardiac myosin light chain-2 (cmlc-2) promoter [14] . This ure5B). The deduced amino acid sequence of the larger mRNA encodes a protein of 977 amino acids with a assay corroborated the observation that the number of myocardial cells is indistinguishable between wild-type predicted glycosylated extracellular domain of 844 amino acids containing two EGF repeats. The sequence C-terand heg mutant embryos (Figure 3 and Table 1 ). Hence, the larger heart is not caused by an increase in cell minal to the EGF-repeats exhibits a hydrophobicity profile consistent with a membrane-spanning domain of numbers. Rather, cells as they are added intercalate The number of cells was determined using two methods. n ϭ number of hearts counted. Table 1 ). There are more myocardial cells at 72 hpf than at 24 hpf [41] , revealing that myocardial cell proliferation has continued during this period in both wild-type and heg mutant embryos. Live images are shown with anterior to the right to better illustrate the ventricular chamber in the wt embryo. wt, wild-type; heg Ϫ/Ϫ , homozygous mutant; v, ventricle; a, atrium. Bars, 125 m. The outward growth of the myocardium in a concenbrane form and causes a shift in expression of the soluble isoforms, with an increase in SE1 and no change tric direction along the axis from the interior of the chamber is essential to generate the higher blood pressures in SE2. This morpholino phenocopies the mutation, with Ͼ95% of embryos showing this phenotype (n Ͼ characteristic of vertebrate physiology. It is a feature that appears to have arisen in evolution after the split 1000, Figure 6D ). This suggests that the TM form is particularly critical to normal ventricular growth. Mockof vertebrates from more primitive chordates [36] . As for other organotypic cardiac-patterning decisions, such as injected controls reveal no effect on the heg PCR products ( Figure 6D ). We also examined the effect of heg valve formation [37, 38] and trabeculation [39] , it reflects the interaction between the two primitive cardiac layers. overexpression on embryonic development. Injection of all isoforms of heg mRNA resulted in gastrulation defects resembling those associated with convergent extension Conclusions It has been difficult to determine the molecular pathways movements, including a low incidence of cyclopia (data not shown) [32, 33] . These results prevented the rescue involved in organotypic growth. We have previously described other growth mutations of the heart in which of either homozygous genetic mutant or morpholinoinjected embryos.
there are too few cells and a diminutive ventricle (island beat) [15] or, alternatively, too many cells and a thick ventricle (liebeskummer) [14] . This work describes the heg Expression in the Endocardium Regulates Myocardial Growth molecular basis of global organotypic patterning, another element of cardiac organ growth, and one with heg expression is primarily restricted to the heart ( Figure  7A ) and within the heart is limited to the endocardium controls distinct from those that regulate cell number. This process of adjudicating direction of growth is, in (Figure 7B) . Thus, Heg presumably signals from endo- For whole-mount in situ hybridization and immunohistochemistry, to establish linkage to SSR marker z3124 on linkage group 9. SSR embryos were fixed in 4% paraformaldehyde in phosphate-buffered markers were used to establish the interval and BAC ends were saline, then stored in 100% methanol at Ϫ20ЊC. Digoxigenin-labeled sequenced directly using SP6 and T7 primers to generate markers and fluorescein-labeled antisense RNA probes were generated by for walking. BAC 110e08 was subcloned by shotgun cloning of parin vitro transcription (Roche) and in situ hybridization was carried tial AluI and Sau3AI digested fragments into pBluescript. In addition, out as previously described [51]. A DNA fragment corresponding to a hydroshear was used to produce fragments of 2-3 kb in length, a SacI-SphI fragment from bp 1364 to 2730 of the hegTM cDNA, which were also subcloned and sequenced. Sequence analysis was and vMHC were used to generate anti-sense RNA probes. 
